axons with already highly compacted myelin sheaths. Moreover, studies in cultured cells showed that methadone exerts direct effects at specific stages of the oligodendrocyte lineage, stimulating the proliferation of progenitor cells while on the other hand accelerating the maturation of the more differentiated but still immature preoligodendrocytes. While the long-term effects of these observations remain unknown, accelerated or increased oligodendrocyte maturation and myelination could both disrupt the complex sequence of synchronized events leading to normal connectivity in the developing brain. Together with our previous observations on the effects of buprenorphine, the present findings further underscore a crucial function of the endogenous opioid system in the control of oligodendrocyte development and the timing of myelination. Interference with these regulatory systems by opioid use or maintenance treatments could disrupt the normal process of brain maturation at critical stages of myelin formation.
Introduction
Findings from worldwide studies indicate a dramatic increase in drug abuse, with opioid dependence identified as the leading contributor to premature disability and mortality rates [1] . Essential in this regard is the observation that major increases in opioid abuse are found during adolescence and early adulthood, windows of late brain development, the importance of which is underscored by the frequent concomitant onset of psychiatric disease [2, 3] . This problem is further aggravated by the frequency of opioid use and abuse during pregnancy and the potential effects of opioid maintenance treatments with synthetic long-lasting opioid analogues such as methadone and buprenorphine. While these two drugs represent effective and valuable treatments for pregnant addicts [4, 5] , both methadone and buprenorphine cross the placenta [6, 7] , raising the possibility of a variety of early opioid exposure effects on brain maturation and cognitive development that are still poorly understood [8] .
One of the most critical processes along brain maturation is the formation of the myelin membrane. The original view of myelin as a lipid-rich structure functionally restricted to axonal insulation and saltatory conduction has been replaced by one of a molecularly intricate and highly dynamic component of the brain. It is now well known that this complex membrane regulates axonal extension and radial growth [9] , as well as axolemmal ion channel distribution [10] . Moreover, the myelin-forming oligodendrocytes are involved in electrical coupling to astrocytes [11] and bidirectional glial-neuronal communications [12] and have been identified as critical players in novel support mechanisms of neuronal survival and axonal function and integrity [13, 14] . Oligodendrocytes are generated from highly proliferative and migratory progenitors that undergo several well-defined stages of differentiation prior to becoming postmitotic mature cells capable of myelination [15] [16] [17] . This complex sequence of events is subjected to multiple regulatory mechanisms [reviewed in 18 ] , placing the generation of these cells and myelin formation among the most vulnerable processes during brain development. Importantly, there is increasing evidence to support a crucial function of the endogenous opioid system in myelination. Neural stem cells and cells at different maturational stages along the oligodendroglial lineage express opioid receptors, and their modulation in culture has been shown to induce both mitogenic and differentiating effects [19] [20] [21] [22] . These findings raise the possibility that interference with the endogenous opioid system by drug abuse and maintenance treatments for opioid addicts may have an effect on brain myelination.
As the use and abuse of prescription and nonprescription opioids continue to increase among young users [23] [24] [25] [26] , it is logical to hypothesize that active myelination periods in two main high-risk groups are particularly vulnerable to the effects of these drugs: (1) early myelination in fetuses and newborns from pregnant opioid addicts, and (2) late myelination of 'higher-order' regions in the adolescent and young-adult brain. Heroin and morphine abuse in humans has been linked to neurotoxic effects resulting in leukoencephalopathy and myelin loss [27] [28] [29] [30] , but little is known regarding the effects on myelin induced by other abused opioids or, equally important, opioid molecules which, like methadone and buprenorphine, are recommended in maintenance treatments for drug abuse. We have shown before that myelination of the maturing rat brain is altered by perinatal exposure to buprenorphine [31] , a μ-opioid receptor partial agonist and κ-opioid receptor antagonist currently in clinical trials for the management of pregnant opioid addicts. While supra-therapeutic doses of this drug delayed myelination, therapeutic doses resulted in accelerated and increased brain expression of myelin basic proteins (MBP), markers of myelin and differentiated oligodendrocytes [31] . The finding of a bell-shaped dose-response curve led us to the discovery of a novel mechanism that controls oligodendrocyte maturation by opposing effects mediated by the μ-opioid and nociceptin/orphanin (nociceptin) FQ (NOP) receptors [22] . Activation of the μ-opioid receptor by low doses of buprenorphine stimulates cell maturation while high buprenorphine levels induce an inhibitory effect on oligodendrocyte differentiation mediated by the NOP receptor. Interestingly, that study used methadone as a control for μ-opioid receptor activity and indicated that, similar to the low doses of buprenorphine, exposure of oligodendrocytes to methadone resulted in increased MBP expression. That initial clue suggested that myelination could also be directly affected by methadone, a problem of significant importance as this synthetic opioid is currently used in opioid detoxification treatments for pregnant addicts and their newborns [32] . We now report that, at least in the rat brain, early myelination is indeed altered by perinatal exposure to therapeutic levels of methadone. Pups exposed to methadone had increased brain levels of MBP, myelin proteolipid protein (PLP), and myelin-oligodendrocyte glycoprotein (MOG), and, in agreement with the known enrichment of these proteins in mature myelin, these young animals also exhibited an elevated number of axons with already highly compacted myelin sheaths. Furthermore, studies on cultured cells indicated that methadone exerts direct effects at specific stages of oligodendrocyte development inducing proliferation of the progenitor cells while on the other hand stimulating the maturation of the more differentiated but still immature preoligodendrocytes. Far from being beneficial, accelerated or increased oligodendrocyte maturation and myelination could both potentially disrupt normal connectivity in the developing brain. Together with our previous observations on the effects of buprenorphine, these results provide further evidence for an important role of the endogenous opioid system in the timing of oligodendrocyte differentiation and myelin formation. Alteration of these regulatory systems by opioid use or related treatments could disrupt the normal process of brain maturation at critical stages of myelination.
Methods

Perinatal Exposure to Methadone
Animal use for all procedures in this study was in accordance with the guidelines of the National Institutes of Health and was approved by the Virginia Commonwealth University Animal Care and Use Committee. Timed-pregnant Sprague-Dawley rats were from Harlan Laboratories (Indianapolis, Ind., USA). Rat pups were exposed to methadone both during pregnancy and postnatal development as previously reported [33] , with minor modifications. On gestation day 7, pregnant rats were subcutaneously implanted with 28-day Model 2ML4 Alzet osmotic minipumps (Durect, Cupertino, Calif., USA) to deliver methadone (9 mg/kg/ day) or saline solution (vehicle control). Pups were sacrificed on postnatal days 11 and 19 for analysis of MBP brain expression by western blotting and on postnatal day 16 for visualization of myelin formation by electron microscopic examination as indicated below.
Assessment of in vivo Myelination by Electron Microscopy
Brain samples for the analysis of myelinated axons were prepared from 16-day-old rat controls or rats exposed to methadone as indicated above. For this, pups were anesthetized by intraperitoneal injection of 2.5% Avertin and transcardially perfused with 4% paraformaldehyde and 2.5% glutaraldehyde in 10 m M Na 2 HPO 4 , 2.7 m M KCl, and 137 m M NaCl, pH 7.4 (PBS). Brains were removed and maintained overnight in 4% paraformaldehyde and 2.5% glutaraldehyde. The tissue was then postfixed with 1% osmium tetroxide in 100 m M cacodylate buffer, pH 7.3, and plastic embedded. Thin sagittal sections of the region containing the middle portion of the body of the corpus callosum were stained with uranyl acetate and lead citrate and then examined using a Jeol JEM-1230 transmission electron microscope. Fifteen contiguous fields of each section were photographed at a ×5,000 magnification comprising approximately 250 μm 2 /field. A minimum of 4 animals/group, with equal numbers of males and females from different litters, were analyzed. At least 5,000 axons were analyzed for each animal treatment and grouped into 3 categories according to their stage of myelination ( ≤ 4 myelin membrane wraps, uncompacted myelin, and compacted myelin) as further described in Results and figure 3. Myelin thickness for the compacted myelin group was evaluated by analysis of 'G ratios' calculated as the ratio of 'diameter of axon alone' to 'diameter of axon + myelin'.
Isolation and Culture of Oligodendrocytes
Oligodendrocytes were isolated from either 3-day-old (oligodendrocyte progenitors) or 9-day-old (preoligodendrocytes) Sprague-Dawley rat brains using a Percoll gradient (GE Healthcare Bio-Sciences, Pittsburgh, Pa., USA) and differential adhesion as previously reported [22, 34] . Briefly, brain meninges and main blood vessels were removed by gently rolling the tissue on sterile filter paper. After mincing into about 2-mm pieces, the tissue was subjected to dissociation by incubation on a rocking platform for 25 min at 37 ° C in the presence of 1 unit/ml papain and 0.01 mg/ ml DNAse (Sigma-Aldrich, St. Louis, Mo., USA). After extensive washing and filtration through a 75 μ M pore size nylon mesh (Sefar, Depew, N.Y., USA), the cell suspension was centrifuged for 15 min at 30,000 × g in an isotonic self-generated Percoll (Sigma-Aldrich) gradient. The fraction enriched in oligodendrocytes was then subjected to differential adhesion on a tissue culture-treated Petri dish to eliminate the microglial cells and residual astrocytes. The floating oligodendrocytes were subsequently plated in 48-well plates (for western blots and MBP gene promoter experiments) or 8-well slide Permanox chambers (Thermo Fischer Scientific) (for analysis by immunocytochemistry), all previously coated with 12.5 μl/well of growth factor-reduced Matrigel TM extracellular matrix (Becton Dickinson, Franklin Lakes, N.J., USA). Cells were maintained in chemically defined medium (CDM) [Dulbecco's modified Eagle's medium/Ham F-12 (DMEM/F12) (1: 1) medium with high glucose and L -glutamine (GIBCO-Life Technologies, Grand Island, N.Y., USA), pH 7.4, supplemented with 1 mg/ml fatty acid-free bovine serum albumin, 50 μg/ml transferrin, 5 μg/ ml insulin, 30 n M sodium selenite, 1 m M sodium pyruvate, 10 n M biotin, 20 n M progesterone, 100 μ M putrescine, and 30 n M triiodothyronine (Sigma-Aldrich)]. Cultures were maintained in a humidified incubator at 37 ° C in 5% CO 2 .
Western Blot Analysis
For protein analysis in cell lysates, cultured cells were directly solubilized in 75 μl of 2× Laemmli sample buffer [65.8 m M TrisHCl, pH 6.8, 2.1% sodium dodecylsulfate sulfate, 26.3% (w/v) glycerol, 0.01% bromophenol blue, and 5% β-mercaptoethanol]. For protein analysis in tissue samples, rat brains were rapidly removed, frozen in liquid nitrogen, and maintained at -80 ° C until homogenization in PBS supplemented with a protease inhibitor cocktail (Sigma-Aldrich) and appropriate dilution in Laemmli buffer. Boiling of Laemmli buffer-solubilized samples for PLP analysis as well as freezing and defrosting of samples for MBP were avoided to preclude the loss of bands by formation of high-molecular-weight aggregates. Proteins were then separated by sodium dodecylsulfate sulfate-polyacrylamide gel electrophoresis in 12% acrylamide gels and electro-transferred to nitrocellulose as before [35] . All electrophoresis reagents and supplies were from Bio-Rad Laboratories (Hercules, Calif., USA). The membranes were then subjected to western blot analysis as previously reported [22] , using the following primary antibodies: anti-MBP (Millipore, Temecula, Calif., USA, raised against peptide 82-87, dilution 1: 100), anti-MOG (Millipore, dilution 1: 2,000), anti-PLP (Abcam Inc., Cambridge, Mass., USA, dilution 1: 1,000), or anti-β-actin (Sigma-Aldrich, dilution 1: 5,000). After incubation with the appropriate horseradish peroxidase-conjugated secondary antibodies, immunoreactive bands were detected by chemiluminescence reaction with Super Signal West Dura reagent (Thermo Scientific, Rockford, Ill., USA). The relative expression levels of the immunoreactive bands were determined by scanning densitometric analysis of the X-ray films using the NIH ImageJ program. MBP, MOG, and PLP levels for each sample were divided by the corresponding β-actin values to correct for protein loading differences.
Immunocytochemistry
Oligodendrocyte cultures were fixed for 20 min with 4% paraformaldehyde in PBS and double immunocytochemical staining was carried out as reported before [22] , with minor modifications. Nonspecific antibody binding was blocked by incubation for 1 h in PBS with 0.5% normal goat serum and 0.05% Tween-20 (blocking solution). Cell cultures were then subjected to overnight incubation with a mixture of rat IgG anti-MBP (Millipore, dilution 1: 20) and mouse IgM O4 (dilution 1: 3) monoclonal antibodies in blocking solution. The O4 hybridoma supernatant was kindly provided by Dr. Babette Fuss (Virginia Commonwealth University). After washing, cells were incubated for 30 min in blocking solution and for 2 h with a mixture of Texas red-conjugated anti-rat IgG (dilution 1: 150) and Alexa-488-conjugated anti-mouse IgM (dilution 1: 150) (Jackson ImmunoResearch Laboratories, West Grove, Pa., USA). Cell staining was analyzed using a Nikon Eclipse 800M fluorescence microscope and digital camera system.
MBP Gene Promoter Reporter Assay
One day after isolation from 9-day-old rat brains, cells were transfected with a construct containing the MBP gene sequence from -1,323 to +30 upstream of the firefly luciferase-coding region in a pGL3Basic vector (kindly provided by Dr. Robin Miskimins, University of South Dakota), as we previously reported [36] , with minor modifications. For this, 80% confluent cell cultures in 48-well plates were incubated for 3 h in 250 μl DMEM/F12 medium alone containing a mixture of 0.8 μg firefly luciferase-MBP gene promoter construct, 0.03 μg of a renilla luciferase vector (Promega, Madison, Wisc., USA) used as a control for both sample size and transfection efficiency ( ∼ 25%), and 1.2 μl GeneJammer transfection reagent (Stratagene, La Jolla, Calif., USA). At the end of the incubation period, the transfection medium was removed and the cultures were carefully rinsed with DMEM/F12 medium alone and then maintained overnight in complete CDM as indicated above for the culture of oligodendrocytes. The cultures were then incubated for 24 h in CDM with or without 0.5 μ M methadone. At the end of the treatment, the medium was removed and the cells were lysed by addition of 100 μl Passive Lysis buffer (Promega) and the plates were immediately frozen overnight at -80 ° C, followed by fast thawing and harvesting of the lysates. After 30 s of centrifugation at 10,000 rpm, the supernatants were collected and assayed for firefly and renilla luciferase activities using the Dual-Luciferase Reporter Assay System (Promega), following the manufacturer's recommendations. The relative MBP gene promoter activities for each sample were calculated as the ratio of firefly to control renilla luciferase luminescence readings.
[ 3 H]Thymidine Incorporation Assessment of cell proliferation by [ 3 H]thymidine incorporation into DNA was carried out as previously reported [37] , with minor modifications. One day after isolation from 3-day-old rat brains as indicated above, oligodendrocyte progenitor cells plated in 48-well plates were incubated in CDM containing 3 μCi/ml [ 3 H] thymidine (75 Ci/mmol specific activity; Amersham Biosciences, Piscataway, N.J., USA) in the presence or absence of different concentrations of methadone. After 24 h, the radioactive medium was removed and the cultures were carefully washed 3 times with icecold PBS, followed by lysis of the cells and protein-DNA precipitation by addition of 250 μl/well of 20% trichloroacetic acid and incubation for 30 min at 4 ° C. The culture wells were then subjected to 3 additional 15-min washes with ice-cold 10% trichloroacetic acid to eliminate any potentially remaining free [ 3 H]thymidine. Finally, the protein/DNA precipitate attached to the plates was solubilized by addition of 100 μl/well of 70% formic acid and incubation of the Parafilm-sealed culture plates for 1 h at 37 ° C. The content of each well and the additional 50 μl formic acid used for rinsing were both transferred to a vial and used to determine the radioactivity incorporated into the DNA by liquid scintillation counting.
Statistical Analysis
Statistical analysis was performed by one-way analysis of variance and an unpaired t test using the Prism 6.0v program (GraphPad Software, La Jolla, Calif., USA). p < 0.05 was considered statistically significant.
Results
As indicated before, our previous findings on the effects of buprenorphine [22, 31] raised the possibility that myelination may also be altered by perinatal exposure to methadone. To investigate this possibility, pregnant rats at gestational day 7 were implanted with 28-day osmotic minipumps to deliver methadone at a dose of 9 mg/kg/ day. By using this experimental paradigm, pups were initially exposed to this opioid through the placenta and then through maternal milk until postnatal day 14, a neurodevelopmental period that is equivalent to the third trimester in human pregnancy [38] . It is also important to consider that the methadone clearance (CL) and volume of distribution (V d ) in the rat (CL = 59.3, V d = 7.58) are significantly higher than in humans (CL = 1.4, V d = 3.8) [39] . Thus, the level of drug exposure used in this study is at the lowest end of the dose range administered to pregnant women (30-110 mg/day) [40] .
The two age groups initially investigated were selected as representative of the initiation (postnatal day 11) and the most active (postnatal day 19) stages of rat brain myelination. As a first step, the brains were screened for potential effects of methadone on the expression levels of MBPs (proteins generated by alternative splicing of a single gene that is subjected to developmental regulation) [41] . Importantly, MBPs constitute 30% of the total myelin proteins and are considered to be specific markers of mature oligodendrocytes [42] and required for myelin compaction [43] . Surprisingly, western blot analysis at both developmental stages indicated that the brains of pups ex-posed to methadone contained abnormally elevated levels of the 4 major MBP splicing variants, with values about 50% higher than those in the corresponding age-matched controls ( fig. 1 ). Further analysis of the brains for other proteins characteristic of mature myelin indicated that the effects of methadone were not simply restricted to the MBPs. As shown in figure 2 , increased expression at both ages was also observed for PLP ( fig. 2 a) , a proteolipid that contributes to nearly 50% of the total myelin protein [44] , and for MOG ( fig. 2 b) , a glycoprotein highly enriched in the late outermost lamellae of the myelin sheath [42] .
The elevated levels of MBP, PLP, and MOG raised the possibility of increased myelin synthesis. Thus, we next examined the brains of 16-day-old pups for potential effects of methadone on myelination. Electron microscopic examination of the corpus callosum was used to assess the stage of myelin formation in individual axons that were accordingly classified within one of the following categories: axons at the initial stage of myelination, as represented by the presence of no more than 4 loose wraps of membrane ( fig. 3 a) ; axons at intermediate stages of myelin formation, as indicated by the presence of more than 4 but still uncompacted membrane wraps ( fig. 3 b) , and axons with already compacted myelin sheaths ( fig. 3 c) . As shown in figure 4 a, a significant number of axons within each category coexist at this early stage of development in both controls and methadone-exposed pups. Remarkably, while a comparison between the controls and the methadone-treated animals failed to detect any significant differences in the number of axons within the first two categories, pups exposed to methadone exhibited a 20% increase in the number of axons with highly compacted myelin sheaths ( fig. 4 b) . Analysis of G ratios for axons within this category indicated, however, similar correlations between myelin thickness and axonal caliber in both experimental groups ( fig. 4 c) .
The finding of increased MBP, PLP, and MOG levels, together with the elevated number of mature myelinated axons, was consistent with a stimulatory effect of methadone on early myelination. Nevertheless, the larger number of axons with compacted myelin in the methadoneexposed pups was not accompanied by a parallel decrease in the number of axons at earlier stages of myelination, a situation that one would logically expect if myelin maturation were simply accelerated. This intriguing observation suggested the existence of complex effects of methadone on myelin formation and perhaps oligodendrocyte development.
To better investigate the potential effects of methadone on oligodendrocytes, we next decided to explore the [34, 45] . These later cells represent a crucial developmental stage that immediately precedes the generation of mature oligodendrocytes capable of myelination. We first investigated the potential proliferative effects of methadone on oligodendrocyte progenitors since earlier studies had shown that μ-opioid receptor activation could increase the mitogenic capacity of these still immature cells [19, 46] . In agreement with this possibility, exposure of the oligodendrocyte progenitors from 3-day-old rat brains to methadone indeed resulted in a significant increase in 415 of methadone on cell proliferation. Notice that, while the proliferation of oligodendrocyte progenitors was significantly stimulated at 0.5 and 1 μ M methadone, the stimulation was not observed at the 3 μ M concentration. At this dose, cultures exhibited proliferation values that were lower than at either 0.5 or 1 μ M drug concentrations but were not significantly different from those in the control cultures. This lack of an effect at 3 μ M methadone does not seem to result from a deleterious effect on the cells since we were unable to detect increased cell death or apoptosis (data not shown). However, it may reflect receptor desensitization as elevated levels of methadone induce desensitization and internalization of the μ-opiod receptor in neurons [47] . In addition to the proliferative effects, the elevated brain levels of MBP, PLP, and MOG, together with the augmented number of axons with already compacted myelin sheaths, also pointed to a parallel stimulatory effect of methadone on oligodendrocyte maturation. In support of this possibility, our previous studies on the effects of buprenorphine used methadone as a control for μ-opioid receptor activity and indicated that incubation of preoligodendrocytes with 1 μ M methadone resulted in increased MBP expression [22] . Importantly, we have now found that a positive effect is also observed at even much lower doses of methadone and extends to different markers of oligodendrocyte maturation. As shown in figure 6 a, cells at the preoligodendrocyte stage are highly responsive to methadone, already exhibiting a significant elevation of MBP levels in the presence of drug concentrations as low as 0.1 μ M .
In addition, experiments in which preoligodendrocyte cultures were transfected with a luciferase-reporter construct driven by the MBP gene promoter showed that the methadone-induced increase in MBP protein expression was preceded by a parallel enhancement of MBP gene activity ( fig. 6 b) . Furthermore, as shown in figure 6 c, treatment of the cultures with methadone at this developmental stage also resulted in a significant increase in the expression of MOG, a molecule that, as indicated above, is highly enriched in the late outermost lamellae of the myelin sheath [42] and is therefore considered to be a marker of highly mature oligodendrocytes. A positive direct effect of methadone on oligodendrocyte maturation was further indicated by experiments in which the cells were subjected to double immunocytochemical staining with O4 and anti-MBP antibodies. The O4 antibody labels both preoligodendrocytes and mature oligodendrocytes, while only mature cells are positive for the presence of MBP. As shown in figure 5 d, 3 -day exposure of preoligo- Notice that axons within the 3 categories coexist in the samples from both methadone-exposed and controls pups. b The bar graph indicates the number of axons/field from each category, shown as the mean ± SEM from at least 12 fields/pup and a total of 5,000 axons/experimental group; (C = Control; Met = methadone); * p < 0.05. c G ratios for axons within the c category (compacted myelin) were calculated from the corresponding myelinated axons and fiber diameters (G ratio: diameter of axon alone/diameter of axon + myelin). Altogether, the present observations showed that exposure to methadone could affect developmental brain myelination by exerting specific effects along different stages of oligodendrocyte maturation.
Discussion
This study found that perinatal exposure to methadone alters the pattern of early myelination in the developing rat brain. Pups exposed to this drug showed elevated brain levels of MBP, PLP, and MOG and, in agreement with the known enrichment of these proteins in mature myelin, these young animals also exhibited an increased number of axons with already highly compacted myelin sheaths. Interestingly, the lack of a parallel reduction in the number of axons with a still uncompacted myelin membrane also pointed to the existence of complex drug effects. In support of this possibility, the studies using cells isolated from the rat brain at different postnatal ages indicated that methadone directly affects the successive stages of oligodendrocyte maturation, specifically increasing the proliferation of progenitor cells while on the other hand promoting the differentiation of the more advanced but still immature preoligodendrocytes. Though still premature, it is tempting to hypothesize that in methadone-exposed pups the abnormal proportion of mature and immature myelin sheaths may reflect the specific drug actions on coexisting pools of oligodendrocytes at different stages of development. If this is the case, the increased number of mature myelin sheaths may be the result of a direct stimulatory effect on oligodendrocyte differentiation. At the same time, the lack of a parallel decrease in still maturing myelin internodes may reflect the late activity of a pool of progenitors with an extended window of cell proliferation and thus delayed differentiation and myelinating capacity. It also remains to be determined what extent of myelination would be attained when animals perinatally exposed to methadone finally reach an adult age and whether long-term studies could additionally detect gender-related differences in drug effects. In this regard, it is important to point out that the present findings are reported as pooled results from an equal number of male and female pups, as we failed to detect any significant sex-dependent differences. However, previous studies have reported sex-related variations in opioid responses [reviewed in 48 ] as well as sexual dimorphism in rodent oligodendrocytes and white matter [reviewed in 49 ] . Therefore, we cannot discard the possibility that such sex-related differences may manifest at later stages of development.
Long-term consequences of perinatal drug effects on myelination and extrapolation of the present findings to potential implications in humans are difficult at this time. Reduced myelination was suggested by a study in which diffusion tension imaging was used to examine the superior longitudinal fasciculus in the brains of 13 infants born to methadone-maintained mothers [50] . However, while very important, the extent to which that finding could be directly ascribed to methadone remained to be clarified as the majority of the methadone-exposed babies were also treated with morphine to mitigate neonatal abstinence syndrome, and other confounding factors including general maternal health, smoking, and use of additional drugs could have also contributed to the observed effect. In addition, previous studies on the effects of methadone on child cognition and brain development have produced varying results [reviewed in 8 ]. An early analysis of 4-month-old infants born from methadone-maintained women found drug-exposed babies to exhibit poor coordination and to be more tense and active [51] ; moreover, while some studies in older children found no differences in mental development [52, 53] , others reported lower performance and intelligence [54, 55] .
Regardless of the final outcome, and far from beneficial, accelerated or increased myelination at an earlier age as observed in the present study could potentially disrupt normal connectivity in the developing brain. Developmental myelination is highly synchronized with CNS plasticity and neuronal network organization, and thus it is conceivable that neurological dysfunction could also result from precocious increased myelin formation. While accelerated myelination in the developing human brain has been poorly investigated, such a situation is known to occur in children with hemimegalencephaly [56, 57] , following increased neuronal activity associated to epilepsy [57, 58] , and in Sturge-Weber syndrome, a congenital condition linked to a variety of symptoms including among others seizures, visual deficits, and cognitive impairment [59] . In this regard, a recent study demonstrated that maturation of the rat striatum is accompanied by a well-defined developmental switch in the activity of complex gene networks which culminate with the expression of myelin-related genes [60] . Based on those findings and the fact that striatal neurons integrate information from multiple brain regions, the authors suggested that alterations in the temporal expression of genes associated with myelination could underlie different neuropsychiatric disorders. Important in this regard are previous studies from Robinson et al. [61] indicating that the striatum of methadone-exposed pups exhibited increased acetylcholine turnover rates, though a correlation with the present observations on myelination remains undetermined.
The present findings demonstrate direct effects of methadone on oligodendrocytes. However, opioid receptors are known to be ubiquitously expressed in both neuronal and glial populations and thus it is plausible that the in vivo effects on myelination detected in this study as well as those previously observed in pups exposed to buprenorphine [31] may in addition reflect indirect actions mediated by other cells. Rat brain levels of the μ-and δ-opioid receptor agonist β-endorphine are elevated at embryonic and postnatal ages that coincide with periods of proliferative activity of both neuronal and glial progenitors [62] . Prolonged administration of morphine to neonatal rats was shown to be associated with increased neuronal apoptosis in selective areas of the brain [63] , and morphine exposure in adolescent rats results in increased Toll-like receptor 4 signaling and microglial activation [64] . Furthermore, different lines of evidence indicate that endogenous opioids control the proliferation and differentiation of astrocytes [65, 66] , cells that could potentially exert both positive and negative effects on oligodendrocytes and myelination [recently reviewed in 67 ] . Interestingly, we have previously observed that, regardless of the dose, perinatal exposure to buprenorphine results in an increased caliber of myelinated axons and disproportionally thinner myelin sheaths, a situation that may indicate alterations at the level of axon-oligodendroglial/myelin interactions [31] . The finding that such an abnormal correlation of myelin thickness and axonal caliber was not detected by the present studies in the pups exposed to methadone further emphasizes the complexity and variety of the opioid effects on the developing brain.
Regardless of the mechanism and beyond the impact of methadone on the fetal and newborn brain, the present findings also raise the important possibility of myelinrelated effects in adolescents and young adults, high-risk groups for both prescription and nonprescription opioid abuse [1, 68, 69] . This is because early and late adolescence are highly vulnerable periods of later brain development that are accompanied by substantial myelin formation [70] [71] [72] . Notably, extensive myelination during adolescence and young adulthood is known to occur in the prefrontal cortex [70, 71, 73] , a higher-order region involved in complex cognitive executive function [74] [75] [76] . Furthermore, the relevance of myelin deposition at this later phase of brain maturation is evidenced by a number of psychiatric disorders, the onset of which correlates with white matter pathology during adolescence, including, among others, schizophrenia [77] [78] [79] [80] [81] [82] and bipolar disorder [77, 83, 84] . It should also be considered that the possibility of interference with late myelination extends beyond opioid abuse and opioid detoxification treatments and could be particularly important in the case of patients within this age bracket subjected to frequent opioid treatments for pain relief. Such is the case of severe-pain management in sickle cell disease, in which patients are commonly prescribed opioid medications including morphine, methadone, and oxycodone [85] .
Taken together, the present study and our previous findings on buprenorphine [22, 31] underscore the importance of the endogenous opioid system in the control of oligodendrocyte development and myelin formation. These observations raise the possibility of deleterious effects of opioid use at critical stages of myelination. Further understanding of the molecular and cellular mechanisms mediating these events should be crucial to the elaboration of therapies minimizing long-term effects on brain development and cognition.
